We analyze how solar neutrino experiments could detect time fluctuations of the solar neutrino flux due to magnetohydrodynamic (MHD) perturbations of the solar plasma. We state that if such time fluctuations are detected, this would provide a unique signature of the Resonant Spin-Flavor Precession (RSFP) mechanism as a solution to the Solar Neutrino Problem.
I Introduction
Assuming a non-vanishing magnetic moment of neutrinos, active electron neutrinos that are created in the Sun can interact with the solar magnetic field and be spin-flavor converted into sterile nonelectron neutrinos or into active nonelectron antineutrinos. This phenomenon is called Resonant Spin-Flavor Precession (RSFP). Particles resulting from RSFP interact with solar neutrino detectors significantly less than the original active electron neutrinos in such a way that this phenomenon can induce a depletion in the detectable solar neutrino flux [1] .
If this interaction of the neutrinos with the solar magnetic field is the mechanism that explains the neutrino deficit on Earth [2] - [6] , or, in other words, if the RSFP is the mechanism that solve the solar neutrino problem, solar magnetohydrodynamics (MHD) perturbations can lead to time fluctuations of the solar neutrino flux detected on Earth. This can be easily understood. The solar active electron neutrino survival probability based on the RSFP mechanism crucially depends on the values of four independent quantities. Two of then are related to the neutrino properties: its magnetic moment µ ν and the squared mass difference of the physical eigenstates involved in the conversion mechanism divided by their energy ∆/4E. The other two quantities are related to the physical environment in which neutrinos are inserted: the magnetic field profile B(r) and the electron (and neutron, for Majorana neutrinos) number density distribution N (r) along the neutrino trajectory. MHD affects both the magnetic field profile as well as the matter density and therefore its effects will strongly influence the RSFP neutrino survival probability. Indeed we believe that such consequences can be thought as a test to this solution to the solar neutrino problem based on the RSFP mechanism [7] [8] [9] [10] .
II MHD perturbations
The MHD perturbations were calculated deriving the MHD equations near the solar equator, the region relevant for solar neutrinos. Using cylindrical coordinates, considering also the effects of gravity, we obtained the Hain-Lüst equation with gravity [11, 12, 7] :
where
and
where ξ r is the radial component of the plasma displacement ξ, g is the acceleration due to gravity, p is the pressure, γ = C p /C v is the ratio of the specific heats, ρ 0 is the equilibrium matter density profile and B 0 is the magnetic equilibrium profile in the Sun. In this derivation we considered the equilibrium magnetic profile B 0 in the azimuthal direction.
The Hain-Lüst equation shows singularities when f (r) given in equation (2) S , and they define the global modes which are associated with magnetic and density waves along the whole radius of the Sun.
For the equations above we considered for the solar matter density distribution, ρ 0 , the standard solar model prediction, that is, approximately monotonically decreasing exponential functions in the radial direction from the center to the surface of the Sun [13] . The density profile was used to calculate the acceleration of gravity. The pressure p is related with the density by the adiabatic equation of state p ∼ 5 × 10 14 ρ γ , which is obtained from the values of density and temperature of the solar standard model.
The global modes were obtained solving numerically the Hain-Lüst equation with gravity, imposing appropriate boundary conditions to b 1 and ρ 1 , the magnetic and density perturbations respectively, given by [12] 
The matter density fluctuations were very constrained by helioseismology observations. The largest density fluctuations ρ 1 inside the Sun are induced by temperature fluctuations δT due to convection of matter between layers with different local temperatures. According to an estimate of such an effect [7] , we assume density fluctuations ρ 1 /ρ 0 smaller than 10%. The size of the amplitude b 1 is not very constrained by the solar hydrostatic equilibrium, since the magnetic pressure B 2 0 /8π is negligibly small when compared with the dominant gas pressure for the equilibrium profiles considered. Despite this fact, it cannot be arbitrarily large when we are solving the Hain-Lüst equation. This equation is obtained after linearization of the magnetohydrodynamics equations, which requires that the solution ξ must be very small, | ξ| << 1, so that the non-linear terms can be neglected. Moreover, we must have a clear distinction between the maximum and minimum magnetic field. In order to satisfy these criteria and have a significant effect, we choose the maximum value of the perturbation such that |b 1 
The localized modes are obtained solving the HainLüst equation in the singularities of the function f (r). Methods to analytically overcome this singularity suggest the inclusion of an arbitrary imaginary constant ia to contour the singularity in such a way that w 2 → w 2 + ia. Therefore, the magnitude of a, which is directly related with the width of the localized magnetic fluctuation, is an arbitrary value which cannot be eliminated from any exact solution of the Hain-Lüst equation involving the continuum spectrum. Consequently, we adopted the following phenomenological assumption in our calculations: continuum modes introduce Gaussianshaped magnetic fluctuations centered in r s , with width δr, and amplitude given by a fraction of the equilibrium magnetic field in the position of the singularity, in such a way that the magnitude of the transverse component of the magnetic field, which is the relevant magnetic component for neutrino RSFP, will fluctuate in the following way:
where b 0 is the amplitude factor, a positive numerical value smaller than 1. We impose that w(r s ) = w A or w(r s ) = w S and, consequently, generate accordingly a time modulation of the detectable number of neutrinos coming from the Sun. Note that the shape of the perturbations being exactly Gaussian is not crucial for neutrino RSFP, once solar neutrinos are sensitive to the averaged magnetic field around r s .
III Solar neutrino evolution
If we consider a non-vanishing neutrino magnetic moment, the interaction of such neutrinos with this magnetic field will generate neutrino spin-flavor conversion which is given by the evolution equations [1] i d dr
where ν L (ν R ) is the left-(right-) handed component of the neutrino field, ∆ is the squared mass difference of the corresponding physical fields, E is the neutrino energy, G F is the Fermi constant, µ ν is the neutrino magnetic moment and |B ⊥ (r)| is the transverse component of the perturbed magnetic field. Finally, we have N ef f = N e (r) − N n (r) for Majorana neutrinos, where N e (r) (N n (r)) is the electron (neutron) number density distribution, in which case the final right-handed states ν R are active non-electron antineutrinos. For Dirac neutrinos, N ef f = N e (r) − 1/2N n (r); in this case the right-handed final states are sterile non-electron neutrinos [5] . In this paper we will assume Majorana neutrinos. Note, however, that since N n ∼ (1/6)N e inside the Sun, the difference of taking Dirac or Majorana neutrinos is a multiplicative factor of ∼ 10/11, and does not lead to sensible alterations in our conclusions, which are, in this way, valid for Majorana or Dirac neutrinos.
We are considering the standard solar electron number distribution which implies that 10
eV. In order to find appreciable spin-flavor neutrino conversion governed by the equations of motion (11), we have to allow the other two relevant quantities in these equations, namely ∆/4E and µ ν | B ⊥ (r)|, to be approximately of the same order of ( √ 2/2)G F N e (r). Assuming the magnetic fields given by equations (12), (13) (13) and (14) we used µ ν = 2 × 10 −12 µ B , which gives µ ν | B ⊥ (r)| to be of the same order of ( √ 2/2)G F N e (r) in the convective zone.
MHD magnetic and density fluctuations, b 1 and ρ 1 , induced by global or localized modes, can alter the neutrino evolution since they can induce time variation of the transverse component of the magnetic field |B ⊥ (r)| as well as the matter density N e (r) appearing in the evolution equation above. Therefore, the MHD fluctuations can induce a time variation on the survival probability of the neutrinos, that can be detected in the experiments on Earth.
IV Localized modes
The effect of the localized modes [7, 8] were estimated calculating the survival probability of an active solar neutrino to reach the solar surface after having interacted with the solar magnetic field perturbed by a localized MHD wave. In this estimation, we considered for the equilibrium magnetic fields the following profiles:
where B C is the magnetic field in the convective zone given by the following profiles: G for r > r convec (14) with n = 2, 6 and 8 and r convec = 0.7. This profile was used by Akhmedov, Lanza and Petcov [14] to show the consistency of the solar neutrino data with the RSFP phenomenon. Note that B 2 0 < γp, which is related to the fact that the magnetic pressure is negligibly small when compared to the gas pressure. Therefore, from Eqs. 4, w In Fig. 2 it is shown the survival probability as a function of ∆/4E for the indicated values of r s . The magnetic profile used in this figure is given by Eq. (13), with n= 6, and we assume b 0 = 0.5 and δr = 0.05. Here the thick continuous line indicates the instant when the magnetic fluctuation is maximal and other lines are successive time deformations of this fluctuation, with the same assumptions for w(r s )t used in Fig. 1 . In these figures, vertical lines indicate the value of ∆/4E corresponding to a resonance coinciding with the position of the indicated singularity r s . We note that the presence of localized magnetic fluctuations will modify the solar neutrino survival spectrum. In general, low energy neutrinos are less affected by spin-flavor precession than high energy ones. Furthermore, fluctuations of the survival probability are maximal when r s is close to a resonance region and are well localized in ∆/4E-space for r s ≤ 0.7. For r s = 0.9 the position of the probability fluctuations in ∆/4E-space is less determined. Nevertheless localized magnetic waves near the solar surface lead to a picture for the survival probability P (ν L → ν L ) which can be easily distinguishable from those ones generated by inner localized waves.
V Global modes
The global modes [9, 10] obtained with the magnetic fields given by equations (12), (13) and (14), used in the analysis of the effect of localized modes, are very similar to each other. So, we present the effect of these modes on the neutrino RSFP phenomenon for just one of these magnetic fields, that we consider a good representative of the others:
where B C is the magnetic field in the convective zone given by the following profiles: (16) with n = 6 and r convec = 0.7. In order to illustrate the effect of the parametric resonance, we used other magnetic fields that have been used by different authors to solve the solar neutrino problem through the RSFP mechanism [15] : (17) where B initial = 2.75 × 10 5 G, B max = 1.18 × 10 6 G, B final = 100 G, r convec = 0.65 and r max = 0.8. Although the magnetic field in this configuration seems to be too strong to be present in the convective layer of the Sun, we extend our analysis for this configuration because it is very useful to illustrate the parametric resonance effect for different values of the perturbation oscillation length. It is also important to notice that the important quantity for the neutrino evolution is not the magnetic field itself, but the product µ ν | B ⊥ (r)|, which we impose to be of the same magnitude in the Sun convective layer for all magnetic field configuration chose here.
We considered also a third field, constant all over r, given by [16] :
For the solar matter density distribution, ρ 0 , and for the pressure p, we considered the standard solar model prediction, i.e., approximately monotonically decreasing exponential functions in the radial direction from the center to the surface of the Sun [13] . The density profile was used to calculate the gravity acceleration.
As the density profile found in [13] is given just until r = 0.95 we have performed our calculations just until this value of r. The conditions that we imposed on ξ is over all the calculated values of r: 0 < r < 0.95.
In this work we were interested in calculating the eigenfunctions of the Hain-Lüst equation out of the continua determined by the functions w 2 = w 2 A and w 2 = w 2 S . As w A and w S depend linearly on B, the magnetic profiles used were such that there is no value of r for which B is zero, because, if w A = 0 or w S = 0, this means that the continua extend until w = 0 and in this way all the oscillatory modes below the continua would be killed. Otherwise, it is very reasonable that the magnetic field is non-zero inside the Sun if we choose magnetic profiles which value in the convective zone is ∼ 10 5 G. For the magnetic profiles given by (15) and (16) −6 s −1 , which gives a period of τ < 1.65 days or τ > 12.14 days, respectively. For the magnetic profile given by (15) and (17) In the first row of Fig. 3 we present the profile of the radial displacement ξ r , calculated by solving the HainLüst equation (1) , when the magnetic profiles given in equations (15) , (16) , (17) and (18) , respectively, are Figure 3 . Profile of a) ξr, after normalization, and b) ρ1/ρ0 and c) b1/B0 that are caused by the magnetohydrodynamic effect, for the magnetic profiles given by equations [15] and [16] (B0 with n=6), equation [18] (B0 constant) and equations [15] and [17] (B0 triangular).
assumed. It is important to notice that clearly different ξ r wavelengths appear for each one of the magnetic fields employed. This will be reflected also in the MHD fluctuations of the matter density ρ 1 /ρ 0 and the magnetic field b 1 /B 0 , which are directly calculated from ξ r and are shown in the second and third rows of Fig. 3 , respectively.
The Hain-Lüst solutions shown in Fig. 3 are found in the region of the MHD spectrum in which frequencies are smaller than the continuum frequencies:
S . The period of the solutions found above the continua are smaller than O(1 sec), very tiny, therefore, to be detected by present experiments.
In Fig. 4 we present the effects on the solar neutrino survival probability when the perturbations ρ 1 and b 1 are included in the evolution equations (11) . In this figure we plot the difference of the survival probability calculated in two different situations: when the effect of the MHD perturbations maximally increases the survival probability and the opposite case when the perturbations destructively contribute to this probability, decreasing it.
We see that the range of the values of ∆/4E for which this difference is significant varies for each of the magnetic field profile considered. This is a direct consequence of the appearance of a parametric resonance [17] in the evolution of the neutrino due to the MHD perturbations along its trajectory. To understand this effect we have to consider the neutrino oscillation length. When we have a neutrino oscillation length similar to the wavelength of the magnetohydrodynamic perturbations, a significant enhancement of the neutrino chirality conversion occurs. This is the parametric resonance which is clearly observed in the neutrino survival probability. In other words, when the neutrino is evolving, an intense chirality conversion from left to right-handed neutrinos occurs when the magnetic field is increased by the perturbation. On the contrary, when the neutrino oscillation would lead to the opposite chirality conversion from right to left neutrino, this coincides with a period of lower magnetic field, and this conversion is suppressed. If the perturbation wavelength is very different from the neutrino oscillation length than this effect will not be relevant and we can understand the behavior of Fig. 4 far from the peaks.
VI Observing MHD fluctuations in solar neutrino detectors
According to these results and equilibrium profiles used, we conclude that neutrinos with energy of the order 1 MeV will be very sensitive to MHD fluctuations if RSFP phenomenon is the solution of the solar neutrino anomaly. Some operating solar neutrino detectors that are sensitive to such energy range, like Homestake [2] , Gallex/GNO [18, 3] and Sage [4] can not detect these fluctuations because they do not operate in a real time basis, and such small fluctuations will be averaged out over the detection time. The Super-Kamiokande [5] and SNO [6] detectors operate in real-time basis but have a too high threshold in the neutrino energy to be
